Despite recent advances, many cancers remain refractory to available immunotherapeutic strategies. Emerging evidence indicates that the tolerization of local dendritic cells (DCs) within the tumor microenvironment promotes immune evasion. Here, we have described a mechanism by which melanomas establish a site of immune privilege via a paracrine Wnt5a-b-catenin-peroxisome proliferator-activated receptor-g (PPAR-g) signaling pathway that drives fatty acid oxidation (FAO) in DCs by upregulating the expression of the carnitine palmitoyltransferase-1A (CPT1A) fatty acid transporter. This FAO shift increased the protoporphyrin IX prosthetic group of indoleamine 2,3-dioxgenase-1 (IDO) while suppressing interleukin(IL)-6 and IL-12 cytokine expression, culminating in enhanced IDO activity and the generation of regulatory T cells. We demonstrated that blockade of this pathway augmented anti-melanoma immunity, enhanced the activity of anti-PD-1 antibody immunotherapy, and suppressed disease progression in a transgenic melanoma model. This work implicates a role for tumor-mediated metabolic reprogramming of local DCs in immune evasion and immunotherapy resistance.
In Brief
Previous studies suggest that DC tolerization plays a role in tumormediated immune evasion. The mechanism by which cancers promote this process remains poorly understood. Zhao et al. demonstrate that melanomas generate a site of immune privilege by driving DC fatty acid oxidation via a Wnt5a-b-catenin-PPAR-g signaling pathway that culminates in the induction of IDO enzyme activity. Inhibiting this pathway reverses DC tolerization and enhances anti-PD-1 antibody efficacy in a transgenic model of melanoma.
INTRODUCTION
While considerable strides have recently been made in cancer immunotherapy, the majority of advanced cancer patients are refractory to this treatment modality. An emerging literature describes active immune evasion mechanisms by which malignancies manipulate their microenvironment to avoid detection and destruction by the adaptive immune response (Mellor and Munn, 2008) . The dendritic cell (DC) is now recognized as a key player in the generation of anti-tumor immunity. By processing and presenting antigen, the individual DC induces the activation and modulates the functionality of a large population of naive T cells (Banchereau and Steinman, 1998) . Given the central role of the DC in priming T cells to a developing malignancy, it is reasonable to conclude that cancers may evolve potent mechanisms of immune evasion by targeting DC function. Studies have described DCs within the tumor microenvironment as contributing to tumor pathogenesis, suggesting that these antigen-presenting cell populations undergo a tolerization program enabling them to generate an immune-privileged microenvironment (Hanks et al., 2013; Scarlett et al., 2012) . However, the mechanisms by which cancers induce this DC tolerization program are largely unknown. Recent studies have shown that Batf3 + DCs aid in generating a response to immunotherapy (Salmon et al., 2016; Spranger et al., 2017) . These studies underscore the importance of understanding DC tolerization, as these mechanisms may provide insight into immunotherapy resistance and identify previously unappreciated immunotherapeutic targets. The immunoregulatory enzyme, indoleamine 2,3-dioxygenase-1 (IDO), plays a vital role in tumor-mediated immune suppression (Munn et al., 2004) . By catalyzing the conversion of the essential amino acid tryptophan into the kynurenine metabolic byproducts, IDO supresses the expansion of effector T cells while promoting the differentiation and activation of the immunosuppressive CD4 + FoxP3 + regulatory T (Treg) cell population (Fallarino et al., 2006; Sharma et al., 2007) . IDO requires the heme prosthetic group, protoporphyrin IX (PpIX), for full enzymatic activity (Shimizu et al., 1978) . This is supported by studies demonstrating the inhibition of PpIX synthesis to suppress IDO activity and addition of the heme biosynthetic precursor d-aminolevulinic acid to augment IDO activity (Thomas et al., 2001 ). Although IDO is also expressed by some tumors, DC expression of IDO is particularly important for generating an immune-privileged site during cancer progression . Indeed, lymph node DC IDO expression has been correlated with a poor prognosis in melanoma (Munn et al., 2004 (Munn et al., , 2002 . The realization of this critical role of IDO in tumor-mediated immune suppression has led to development of small-molecule IDO inhibitors, which are now in late-phase clinical trials, as a strategy to augment anti-tumor immunity (Mullard, 2015) . Despite the importance of IDO in tumor-mediated immune tolerance, it is largely unknown how evolving cancers regulate its function. Previous investigators have described a role for b-catenin signaling in the induction of DC tolerization (Jiang et al., 2007; Manicassamy et al., 2010) . Recently, we delineated a paracrine Wnt5a signaling pathway by which melanomas generate an immunotolerant microenvironment (Holtzhausen et al., 2015) . By inducing b-catenin activation in nearby DCs, melanoma-derived Wnt5a promotes the transcriptional expression of IDO, culminating in Treg cell generation and establishment of an immuneprivileged site allowing for melanoma disease progression. While the canonical Wnt ligand, Wnt3a, also induces the expression of IDO by DCs, we have noted that Wnt3a-conditioned DCs fail to induce Treg cell differentiation. These findings suggest that Wnt5a may regulate DC IDO via an unknown post-transcriptional mechanism. A recent RNA sequencing (RNA-seq) differential gene expression study correlated Wnt5a with checkpoint inhibitor resistance in advanced melanoma patients, suggesting that this pathway may also be relevant to the clinical management of cancer patients with inhibitors of the PD-1:PD-L1 signaling axis (Hugo et al., 2016) .
Prior studies have established that DC maturation, a genetic program that allows for effective DC-dependent effector T cell activation, is accompanied by a glycolytic surge (Krawczyk et al., 2010) . Indeed, subsequent work has shown that inhibiting the DC glycolytic pathway diminishes DC-mediated T cell stimulation (Everts et al., 2014) . Other studies have demonstrated that Wnt5a modulates cellular metabolism in various systems (Sherwood et al., 2014) . Based on these findings, we hypothesized that melanoma-derived Wnt5a metabolically reprograms local DC populations to support IDO enzymatic activity and subsequent Treg cell differentiation and that this represents a mechanism by which cancers hijack an intrinsic switch that shifts the host immune system toward a tolerogenic state. We further propose that this pathway represents a promising pharmacological target for augmenting checkpoint inhibitor immunotherapy.
RESULTS

Melanoma-Derived Wnt5a Reprograms DC Energy Metabolism
Toll-like receptor (TLR)-induced DC maturation involves the induction of glycolysis (Krawczyk et al., 2010) . We have shown that melanoma-expressed soluble Wnt5a signals via the b-catenin signaling pathway to drive DC tolerization (Holtzhausen et al., 2015) . Others have also shown Wnt5a regulates cellular metabolism (Sherwood et al., 2014) . Based on these findings, we sought to investigate whether Wnt5a alters the metabolism of DCs and whether this may contribute to DC tolerization. Using a biochemical extracellular lactate assay as a surrogate for glycolysis, we found that Wnt5a suppresses lactate production by bone-marrow-derived DCs (BMDCs) (Figures 1A and S1A) . Further monitoring of the extracellular acidification rate (ECAR) demonstrated that Wnt5a failed to impact glycolysis within 90 min of stimulation, suggesting that Wnt5a may regulate the glycolysis of DCs via a transcriptional mechanism (Figures S1D and S1E). Indeed, qRT-PCR studies revealed that Wnt5a downregulated the expression of the rate-limiting glycolytic enzymes, hexokinase (Hk) and phosphofructokinase-1 (Pfk1), in DCs after 4-8 hr of stimulation ( Figure 1B) . Additional ECAR studies demonstrated that Wnt5a pre-treatment suppressed the lipopolysaccharide (LPS)-induced glycolytic surge typically observed during the DC maturation program, indicating that Wnt5a elicits a dominant metabolic effect on DCs ( Figures 1C  and S1F ). Given the observed effect on glycolysis in DCs, we investigated the impact of Wnt5a on DC oxidative phosphorylation (OXPHOS). These studies demonstrated recombinant Wnt5a (rWnt5a) effectively promoted OXPHOS in DCs ( Figures  1D, 1E , S1B, S1C, S1G, and S1H). To determine whether melanoma-derived Wnt5a was capable of influencing DC metabolism, we analyzed the oxygen consumption rate (OCR) and ECAR of purified DCs stimulated with conditioned media harvested either from a control Braf (Holtzhausen et al., 2015) . These studies showed that genetic silencing of Wnt5a diminished the ability of melanomas to promote OXPHOS in DCs, an effect that was partially reversed with the addition of rWnt5a (Figures 1F and S1I) . These data suggest that melanoma-derived Wnt5a promotes OXPHOS in DCs in vitro. However, no changes in either OXPHOS or glycolysis in DCs were observed following Wnt3a treatment ( Figures 1D, 1E , S1G, S1H, and S1J). To verify that melanoma-derived Wnt5a can modulate DC metabolism in vivo, we purified tumor-infiltrating DCs from both Braf
-Wnt5a-silenced tumors resected from syngeneic mice and measured their real-time OCR. Consistent with our previous findings, this study demonstrates that melanoma-derived Wnt5a promotes DC mitochondrial respiration in situ ( Figures 1G, 1H , and S1K). Together, these data reveal that melanoma tissues shift the metabolism of local DC populations from a glycolytic state toward OXPHOS in a Wnt5a-dependent manner.
Wnt5a-Mediated Metabolic Reprogramming Alters DC Function
Previous studies have demonstrated that inhibition of hexokinase, the initial enzyme in the glycolytic pathway, suppresses DC-induced T cell proliferation, while others have found tolerized DCs to exhibit enhanced OXPHOS (Everts et al., 2014; Malinarich et al., 2015) . Consistent with these findings and our data showing Wnt5a blocks LPS-induced DC glycolysis, we determined that Wnt5a suppresses LPS-induced DC-mediated antigen-specific T cell proliferation in a manner similar to 2-deoxyglucose (2-DG) (Figure 2A) . Notably, this effect was observed in the absence of any alterations in DC surface maturation markers ( Figure S2 ). We have previously shown that Wnt5a promotes DC-mediated Treg cell differentiation both in vitro and in vivo (Holtzhausen et al., 2015) . Altogether, these data indicate that inhibition of DC glycolysis and inhibition of DC OXPHOS would have reciprocal effects on Treg cell development. Indeed, coculturing 2-DG-treated or Wnt5a-treated DCs with naive CD4 + T cells generated enhanced Treg cell differentiation in vitro, while inhibition of DC OXPHOS with oligomycin (oligo) eliminated these Treg cell populations ( Figure 2B ). Together, these findings imply that Wnt5a drives Treg cell differentiation in the melanoma microenvironment by promoting DC OXPHOS. This is consistent with previous data showing that Wnt3a neither regulates DC metabolism nor promotes DC-mediated Treg cell generation ( Figures 1D and 1E) (Holtzhausen et al., 2015) . To examine this question more directly, we purified tumor-infiltrating DCs from Braf -Wnt5a-silenced tumors and delivered them by intradermal footpad injection into syngeneic Foxp3-mRFP transgenic reporter mice, followed by ipsilateral popliteal and inguinal lymph node isolation and Treg cell quantitation by flow cytometry. This confirmed that the Braf V600E -Pten À/À -Wnt5a-silenced tumor-derived DC population previously shown to exhibit diminished OXPHOS ( Figures 1G and 1H ) also exhibits suppressed Treg cell differentation in vivo ( Figure 2C ). In summary, metabolic reprogramming plays a central role in Wnt5a regulation of DC functionality and determines whether a DC drives effector T cell expansion versus Treg cell differentiation ( Figure 2D ).
Wnt5a Induction of DC Fatty Acid Oxidation Promotes
Treg Cell Development and Suppresses Effector T Cell Activation Cancer-associated DCs exhibit higher cytoplasmic lipid content via increased lipid uptake, and these elevated lipid stores impair DC antigen processing and presentation (Herber et al., 2010) . However, the mechanisms underlying these DC alterations in the tumor microenvironment are unknown. Since our data indicate that melanoma-derived Wnt5a altered DC function, we investigated the impact of Wnt5a and b-catenin on DC lipid content and found this pathway to enhance DC fatty acid uptake and lipid stores ( Figures 3A and 3B) . We, therefore, reasoned that Wnt5a may enhance OXPHOS in DCs by promoting fatty acid oxidation (FAO). To determine whether Wnt5a regulated FAO in DCs, we analyzed the real-time OCR of DCs treated with rWnt5a in the presence and absence of the carnitine palmitoyl transferase-1 (CPT1) mitochondrial fatty acid transporter inhibitor, etomoxir (ETO). These experiments showed ETO completely ablated Wnt5a induction of both murine and human DC mitochondrial respiration while not impacting DC viability ( Figures 3C, 3D , S3A, and S3B). Since our prior data suggested that OXPHOS in DCs played an important role in DC-mediated Treg cell generation and studies indicated that DC glutaminolysis was not involved in this process ( Figure S3C ), we investigated the role of FAO in DC-dependent Treg cell generation. This demonstrated that ETO treatment potently suppresses the ability of Wnt5a-conditioned DCs to drive Treg cell differentiation in vitro and in vivo following the adoptive transfer of conditioned DCs into Foxp3-mRFP reporter mice (Figures 3E and 3F) . In line with our previous data indicating that inhibition of OXPHOS in DCs promotes antigen-specific T cell proliferation, we found ETO treatment potently induced DC-mediated T cell activation despite a downregulation in DC co-stimulatory receptors based on flow cytometry ( Figures 3G and S2 ).
To confirm that off-target effects of ETO did not contribute to this process, we genetically silenced Cpt1a expression in the DC2.4 myeloid DC line and determined the ability of the resulting DC2.4-CPT1A-silenced cell line to induce Treg cell differentiation in vivo and to promote effector T cell proliferation in vitro relative to the DC2.4-NTC control cell line ( Figure S4 ). This revealed that genetically targeting CPT1A in the DC2.4 line effectively made these DCs resistant to Wnt5a-induced Treg cell development while promoting their ability to stimulate CD8 + T cell proliferation ( Figures 3H and 3I ). To demonstrate that genetic silencing of CPT1A can have similar effects in primary DCs, we engineered a CPT1A-specific shRNA-expressing lentiviral vector and transduced BMDCs before performing OT-I CD8 + T cell proliferation assays ( Figures S3D and S3E ).
These experiments indeed demonstrated that primary CPT1A-silenced DCs induce potent CD8 + T cell proliferation while maintaining resistance to Wnt5a-induced tolerization ( Figure 3J ). Overall, these data provide a potential mechanistic explanation for the increased lipid stores previously observed in cancer-associated DCs. In addition, this work implies that Wnt5a shifts DCs from glycolysis towards FAO in the melanoma microenvironment, and this metabolic program effectively inhibits effector T cell activation while driving Treg cell differentiation. Previous investigators have proposed that activation of AMP-activated protein kinase (AMPK) by the AMP analog, AICAR, would antagonize the glycolytic surge required for DC maturation (Krawczyk et al., 2010) . Our findings are consistent with this work ( Figure S5A ). As a result, we hypothesized that Wnt5a shifts DC metabolism from glycolysis to FAO by activating AMPK. However, we found Wnt5a suppressed AMPK activation based on Thr-172 phospho-AMPK immunoblot analysis ( Figure S5B ). In addition, we detected no impact of Wnt5a on DC Akt Thr-308 phosphorylation, a well-characterized promoter of glycolysis in DCs ( Figure S5C ) (Krawczyk et al., 2010) . These results suggest that the Wnt5a-mediated metabolic shift from glycolysis to FAO is independent of AMPK and Akt signaling.
The peroxisome proliferator-activated receptor (PPAR) family of transcription factors regulate the expression of several key factors involved in FAO. Treatment of primary DCs with the b-catenin inhibitor, XAV939, and genetic silencing of b-catenin in the DC2.4 cell line (DC2.4-b-catenin-silenced) promoted glycolysis in DCs, confirming that b-catenin regulates DC metabolism ( Figures S5D-S5G ). b-catenin induction of PPAR-g expression has been previously described (Jansson et al., 2005) . Consistent with these data, we found rWnt5a stimulation of primary DCs induced expression of several genes downstream of the PPAR-g transcription factor previously identified to promote FAO, including CPT1A, using a quantitative polymerase chain reaction (qPCR) array ( Figure 4A ). We subsequently verified that rWnt5a induces upregulation of Pparg and Cpt1a using real-time qPCR and immunoblot analysis in both murine and human DCs (legend continued on next page) . To confirm that b-catenin regulates CPT1A expression, we found reduced expression of CPT1A in the DC2.4-b-catenin-silenced cell line, while b-catenin activation of primary DCs via inhibition of the GSK3b enzyme promoted both PPAR-g and CPT1A expression ( Figures 4E, 4F , S5E, and S5F). Consistent with its inability to alter DC metabolism, Wnt3a also failed to induce expression of both PPAR-g and CPT1A in DCs ( Figure S6A ). PPAR-g is a transcriptional co-activator complexing with b-catenin to induce genes that drive FAO (Jansson et al., 2005) . We therefore performed endogenous co-immunoprecipitation experiments in primary DCs and found PPAR-g to bind to Figures 4J and 4K) . Altogether, these findings suggest that the DC b-catenin-PPAR-g signaling pathway suppresses the development of T cell-mediated immunity in melanoma.
Wnt5a-Induced Fatty Acid Oxidation Regulates the Enzymatic Activity of DC Indoleamine 2,3-Dioxygenase IDO plays a critical role in driving Treg cell development in the tumor microenvironment (Hanks et al., 2013; Holtzhausen et al., 2015; Munn et al., 2004) . Despite inducing DC IDO expression, Wnt3a stimulation, we noted, failed to condition DCs to promote Treg cell differentiation. In light of the potent impact of FAO on DC-mediated Treg cell generation, we hypothesized that Wnt5a-mediated regulation of FAO was directly modulating the enzymatic activity of IDO. In order to test this hypothesis, we measured production of the IDO byproduct kynurenine in purified DC cultures using high-performance liquid chromatography (HPLC). These studies confirmed that rWnt5a promoted DC IDO enzymatic activity and that inhibition of FAO in DCs completely eliminated this effect, suggesting that FAO in DCs regulated the enzymatic activity of IDO ( Figure 5A ). To demonstrate that this occurs within the melanoma microenvironment, we purified tumor-infiltrating DCs from resected Braf V600E -Pten À/À -NTC and Braf V600E -Pten À/À -Wnt5a-silenced tumors and analyzed kynurenine generation as a surrogate for IDO enzymatic activity. This demonstrated that tumor-infiltrating DCs derived from melanomas lacking Wnt5a expression exhibit lower IDO enzyme activity similar to ETO-treated tumor-infiltrating DCs purified from Braf V600E -Pten À/À -NTC control tumors ( Figure 5B ). These findings show that Wnt5a-induced FAO plays a critical role in regulating DC IDO enzyme activity within developing melanomas. Since the IDO apoenzyme requires the heme-derived PpIX prosthetic group for full enzymatic activity and the tricarboxylic acid (TCA) cycle intermediate, succinyl CoA, serves as the primary substrate for heme synthesis, we conjectured that increased PpIX concentrations may partially explain why FAO in DCs drives IDO function. Thus, we studied the impact of rWnt5a on DC concentrations of PpIX and hemin, the heme breakdown product, using a modified flow cytometry technique and a colorimetric assay, respectively (Hryhorenko et al., 1998) . Indeed, this demonstrated that rWnt5a enhanced DC concentrations of the PpIX prosthetic group and its downstream degradation product, hemin, in a FAO-dependent manner ( Figures 5C and 5D) . Notably, consistent with its inability to modulate DC metabolism, Wnt3a also failed to enhance PpIX synthesis in DCs ( Figure S6B ).
Additional studies have determined that the PPAR-g co-activator-1a-dependent and rate-limiting enzyme of heme biosynthesis, aminolevulinic acid synthase-1 (ALAS1), is upregulated in Wnt5a-stimulated DCs ( Figure 5E ) (Handschin et al., 2005) . Indeed, further analysis showed rWnt5a, but not rWnt3a, upregulated expression of Alas1 and several additional enzymes involved in PpIX synthesis, including ALA dehydratase (ALAD), uroporphyrinogen III synthetase, coprophyrinogen III oxidase, and protoporphyrin III oxidase (Figures 5F and S6C) .
These data indicate that Wnt5a promotes DC IDO enzymatic activity by enhancing flux through the heme biosynthetic pathway and promoting the synthesis of the PpIX prosthetic group. To elucidate how Wnt5a induction of FAO in DCs results in the increased concentrations of PpIX described above, we utilized high-resolution liquid chromatography-mass spectrometry to measure intermediate TCA metabolites in response to rWnt5a stimulation (Liu et al., 2014b) . We observed increased quantities of many TCA intermediates but a decrease in a-ketoglutarate ( Figures 5G and 5H ). Further qRT-PCR studies showed rWnt5a stimulated the expression of isocitrate dehydrogenase (Idh1, Idh2) as well as all three components of the downstream a-ketoglutarate dehydrogenase complex (Oghd, Dld, Dlst), which converts a-ketoglutarate to succinyl CoA ( Figures 5H  and 5I ). Altogether, these alterations suggest that Wnt5a promotes heme biosynthesis by affecting the TCA cycle, and this process contributes to increased quantities of PpIX in DCs ( Figure 5H ). Finally, we found that inhibition of the enzyme ALAD with succinylacetone also significantly abrogated the ability of Wnt5a-stimulated DCs to promote Treg cell generation, demonstrating that modulation of the heme biosynthetic pathway ultimately impacts Treg cell differentiation ( Figure 5J ).
This work describes a link between cellular metabolism and regulation of immune tolerance via modulation of DC IDO activity and further demonstrates that melanomas manipulate this pathway in a Wnt5a-dependent manner. ; data not shown). These alterations in cytokine expression were further recapitulated in primary DC populations exposed to the CPT1A inhibitor, ETO ( Figure 6D ). Additional studies confirmed Wnt5a suppresses IL-6 and IL-12 expression in primary DCs, implicating the Wnt5a-b-catenin signaling pathway in the regulation of these pro-inflammatory cytokines ( Figure 6E ). To demonstrate that melanoma-derived Wnt5a induced a similar DC cytokine expression profile in situ, we purified tumor-infiltrating DCs from Braf supported our previous findings in that Braf V600E -Pten À/À melanomas genetically silenced for Wnt5a were associated with significant elevations in tumor-infiltrating DC IL-6 and IL-12p40 expression (Figure 6F) . Together, DC FAO suppresses IL-6 and IL-12 expression, in addition to stimulating IDO enzymatic activity, creating an environment that favors Treg cell generation ( Figure 6G ). Indeed, blocking IL-6 and IL-12 using antagonistic antibodies eliminated the additional suppressive effect of FAO inhibition on Treg cell generation, indicating that the Wnt5a-b-catenin-FAO pathway modulates both IDO and pro-inflammatory cytokine expression in DCs ( Figure 6A ). Based on previous studies demonstrating that IL-6 promotes the proteosomal degradation of IDO, these data suggest that FAO in DCs may also promote IDO stabilization (Orabona et al., 2008) . These dual mechanisms of IDO regulation suggest a central role for the Wnt5a-b-catenin signaling pathway in DC tolerization.
Inhibition of Fatty Acid Oxidation Enhances Anti-PD-1 Antibody Therapy and Suppresses the Progression of an Autochthonous Melanoma Model
The previous results suggest that a paracrine signaling axis mediated by melanoma-expressed Wnt5a induces FAO in local DCs to generate an immunotolerant microenvironment. To assess the impact of melanoma Wnt5a expression on T cell activity in melanoma, we performed IFN-g ELISPOT assays on tumor-infiltrating lymphocytes (TILs) harvested from Braf (legend continued on next page) findings were also associated with elevated Cd274 (PD-L1) expression based on qRT-PCR and immunofluorescence analysis of resected Braf V600E -Pten À/À -Wnt5a-silenced tumor tissues ( Figure 7B ). Since previous studies have indicated that an inflamed tumor environment characterized by elevated PD-L1 expression is associated with improved responses to anti-PD-1 antibody checkpoint inhibitor therapy, we proposed that pharmacological inhibition of FAO by targeting CPT1A downstream of Wnt5a would augment anti-PD-1 antibody immunotherapy (Spranger et al., 2013 Figures 7F and S7B ). These results indicate FAO modulates anti-tumor immunity and is consistent with our previous data suggesting inhibition of the Wnt5a-b-catenin signaling pathway in DCs augments checkpoint inhibitor efficacy (Holtzhausen et al., 2015) . To investigate the impact of DC-specific FAO inhibition on melanoma progression, primary DCs were treated with Wnt5a with or without ETO prior to their transfer into the draining lymph node bed of developing autochthonous Braf
V600E -Pten
À/À transgenic melanomas ( Figure 7G ). Consistently, DC-specific FAO inhibition potently suppressed primary melanoma progression ( Figure 7H ). Correlative studies showed this effect also coincides with a suppression of Treg cells within local draining lymph node tissues and enhanced numbers of melanoma-infiltrating CD8 + T cells ( Figure 7I ). Together, these data suggest the DC Wnt5a-b-catenin-PPAR-g-CPT1A signaling axis is a pharmacologic target for enhancing the efficacy of cancer immunotherapy.
DISCUSSION
In light of the critical role of DCs in driving effective anti-tumor immunity, we focused on elucidating those tumor-derived mechanisms that impair DC function (Gabrilovich, 2004) . Indeed, there is emerging evidence that implicates DC tolerization in tumorigenesis (Hanks et al., 2013; Scarlett et al., 2012) . This report demonstrates that melanomas induce local immune tolerance by manipulating the metabolism of DCs within the tumor microenvironment via a paracrine Wnt-b-catenin signaling pathway. Contrary to recently proposed theories that upregulation of IDO strictly represents a negative feedback mechanism of adaptive anti-tumor immunity (Spranger et al., 2013) , we define an immune evasion mechanism that has evolved to actively manipulate IDO functionality. Previous studies have suggested that DC tolerization depends on the b-catenin signaling pathway; however, the mechanisms by which tumors control this DC tolerization program and how this pathway ultimately drives immune tolerance has remained unclear (Jiang et al., 2007; Manicassamy et al., 2010) . An understanding of these mechanisms could provide pharmacological targets to reverse the immunotolerant microenvironment. We recently demonstrated that melanoma expression of Wnt5a triggers b-catenin-dependent induction of DC IDO expression via a paracrine signaling pathway, and this culminates in driving local Treg cell differentiation (Holtzhausen et al., 2015) . Others have shown that cellular metabolism regulates DC function, as TLRinduced DC maturation is critically dependent upon glycolysis and OXPHOS promotes the development of a pro-tolerogenic state (Everts et al., 2014; Malinarich et al., 2015) . Additional studies have described a role for Wnt5a in the regulation of cellular metabolism (Sherwood et al., 2014) . Thus, we hypothesized that melanoma-expressed Wnt5a metabolically reprograms DCs, and this functions as a central mechanism of tumor-mediated immune tolerance.
The data presented here demonstrate that melanoma-derived Wnt5a robustly shifts DCs toward OXPHOS in a manner that is dominant over LPS-induced glycolysis (Everts et al., 2014) . Others have suggested that AMPK plays an important role in shifting DC metabolism from glycolysis to an OXPHOS-favored state; however, our data suggest that Wnt5a-mediated metabolic reprogramming of DCs is independent of AMPK. After determining that Wnt5a-stimulated DCs were not reliant on glutamine as an energy source for undergoing tolerization and that Wnt5a-stimulated DCs exhibit both enhanced fatty acid uptake and greater lipid stores, we reasoned that DC FAO was critical for driving this phenotype. Notably, a role for FAO in DC tolerance would also be consistent with the metabolic alterations observed in M2 macrophages and myeloid-derived suppressor cells (MDSCs) (Hossain et al., 2015; O'Neill and Pearce, 2016) . Indeed, pharmacologically or genetically inhibiting FAO dominantly inhibited DC-mediated Treg cell generation and potently promoted DC-dependent stimulation of CD8 + T cell proliferation. The underlying mechanism of Wnt5a-induced FAO in DCs involves b-catenin-dependent PPAR-g-mediated expression of CPT1A. We further demonstrate that b-catenin and PPAR-g form a co-transcriptional activator complex in primary DCs upon Wnt5a exposure, and this DC signaling pathway modulates the development of melanoma antigen-specific T cell responses in vivo. These cumulative findings may also explain the induction of FAO in M2 macrophages and MDSCs within the tumor microenvironment.
While the cellular oxidative state has been shown to regulate IDO enzyme activity, to our knowledge a relationship between metabolic regulation and the enzymatic activity of IDO has not been appreciated (Thomas et al., 2001 ). Here, we have shown that Wnt5a drives heme biosynthesis and the accumulation of the PpIX prosthetic group by promoting both TCA flux and the expression of several enzymes involved in this pathway and the heme biosynthetic pathway including the rate-limiting enzyme, ALAS1. Since PpIX is a limiting factor of IDO activity (Thomas et al., 2001) , we propose that this pathway is a previously unrecognized mechanism of IDO regulation. Although we were unable to measure the metabolic intermediate succinyl CoA due to its relative instability, the diminished quantities of the a-ketoglutarate precursor and the increased expression of each component of the a-ketoglutarate dehydrogenase complex in addition to ALAS1 suggest that Wnt5a-mediated metabolic reprogramming promotes heme synthesis by providing increased quantities of substrate while upregulating the expression of key TCA and heme synthesis enzymes.
Our data indicate that FAO in DCs has an impact on DC tolerization that extends beyond IDO. This led us to discover that this metabolic shift potently suppresses two key pro-inflammatory cytokines, IL-6 and IL-12, which contribute to a more favorable mileu for driving Treg cell differentiation. In particular, IL-6 antagonizes Treg cell development in several experimental systems by promoting the proteosomal degradation of IDO (Orabona et al., 2008) . These effects on pro-inflammatory cytokine expression by DCs are consistent with previous work showing that Wnt5a suppresses upregulation of these same cytokines in response to LPS (Oderup et al., 2013) . Given that FAO in DCs can influence multiple biochemical pathways important for DC tolerization, we speculate that targeting regulators of DC-specific FAO could potently impact the tumor immune microenvironment. Indeed, we have demonstrated that genetic silencing of CPT1A in primary DCs promotes antigen-specific CD8 + T cell activation, and adoptive transfer of DCs treated with a pharmacologic FAO inhibitor significantly suppressed melanoma progression in a poorly immunogenic transgenic model of melanoma. Together, these data suggest that targeting the Wnt5a-b-catenin-FAO pathway represents a promising strategy for augmenting checkpoint inhibitor immunotherapy. This is consistent with the robust effect generated by combining a CPT1A-targeted inhibitor with anti-PD-1 antibody therapy in the Braf V600E -Pten À/À melanoma model.
Further, since the Wnt5a-b-catenin-FAO pathway regulates several components of DC tolerization that extend beyond IDO, we propose that designing strategies to inhibit this pathway upstream of IDO may be more effective at inducing anti-tumor immunity than strictly targeting the activity of this enzyme. Melanomas with few TILs and a generally non-inflamed microenvironment are poorly responsive to checkpoint inhibitor therapy. In line with our mechanistic DC studies, recent gene expression profiling based on microarray and RNA-seq datasets have demonstrated that primary melanomas, as well as other solid tumors, associated with a deficiency in TILs are associated with elevated b-catenin and PPAR-g signaling (Spranger et al., 2015; Sweis et al., 2016) . Despite this finding, a minority of these ''TIL-poor'' cancers harbor genomic mutations that drive the b-catenin signaling pathway (Luke et al., 2016) , suggesting that Wnt-mediated paracrine signaling pathways likely contribute to the elevated b-catenin activation state observed in these non-inflamed tumors. In this work, we have provided functional data indicating that Wnt5a promotes the establishment of an immune-privileged, ''TIL-poor'' melanoma microenvironment by driving FAO in DCs. The importance of Wnt5a in promoting an immune-tolerant state is supported by a recent report employing RNA-seq differential gene expression analysis demonstrating Wnt5a is one of the most significantly upregulated genes in melanomas refractory to pembrolizumab immunotherapy (Hugo et al., 2016) .
Altogether, these findings demonstrate that DC tolerization in the tumor microenvironment contributes to immunotherapy resistance and suggest that Wnt ligand antagonism would be a promising strategy for augmenting anti-PD-1 antibody immunotherapy. Finally, these data further advocate for DC-specific manipulation of the FAO pathway as an approach for designing the next generation of DC-based cancer vaccines.
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Cell Lines
Murine bone marrow-derived DCs (BMDCs) were harvested and differentiated using IL-4 and GM-CSF as previously described (Inaba et al., 1992) and purified using CD11c microbeads (Miltenyi Biotec) according to manufacturer's protocol. DC purity was examined by flow cytometry and consistently found to be >95% CD11c + F4/80 -( Figure S3D ). Braf
V600E
Pten À/À (male),
-Wnt5a-silenced (male), and Braf V600E Pten À/À -NTC (male) cell lines were generated and cultured as previously described (Holtzhausen et al., 2015) . DC2.4, a murine dendritic cell line was kindly provided by Dr. Kenneth L. Rock (University of Massachusetts Medical School), and cultured as previously described (Shen et al., 1997) . DC2.4-b-catenin-silenced, DC2.4-CPT1A-silenced, and DC2.4-NTC stable cell lines were generated using a b-catenin-targeted, CPT1A-targeted, or control shRNA-expressing lentivirus (Sigma) followed by 3mg/ml puromycin selection. All cell lines used in this study were tested mycoplasma free by Duke University Cell Culture Facility shared services.
METHOD DETAILS
Dendritic Cell Conditioning DCs were treated with Wnt3a (100 ng/mL), Wnt5a (200 ng/mL), LPS (1 mg/mL), 1-MT (1 mM), 2DG (1 mM), or ETO (100 mM), 2-DG(2-deoxy-d-glucose, 1 mM), Oligomycin (1 mM), succinylacetone (250 mM), or vehicle control either for 24 or 48 hrs prior to their use in both in vitro and in vivo experiments.
Antibodies, Immunoprecipitation, and Immunoblot Analysis Primary antibodies including CPT1A (Cell signaling), PPAR-g (Santa Cruz Biotechnology), b-catenin, b-actin (Millipore), p-AMPK(T172)/AMPK (Cell signaling), p-AKT(T308)/Akt (Cell Signaling) were used at 1:1000. Secondary antibodies including goat anti-rabbit IgG-HRP (Millipore) and goat anti-mouse IgG-HRP (Millipore) were used at 1:5000. Cells were lysed in Laemmli sample buffer after treatment and subjected to SDS-polyacrylamide gel electrophoresis and immunoblot analysis. For immunoprecipitation, cells were lysed in radio immunoprecipitation assay (RIPA) buffer [10 mM sodium phosphate (pH 8.0), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS in the presence of 1 mM DTT, 1 mM phenylmethylsulfonylfluoride, and a protease inhibitor cocktail (Sigma)], precleared with protein A beads, and then incubated with 1 mg of antibody against b-catenin or isotype control IgG with protein A-agarose beads on a rotator overnight at 4 o C. After 3 washes with RIPA buffer, immunoprecipitated complexes were eluted in sample buffer by boiling and subjected to immunoblot analysis. Immunoblots were visualized by chemiluminescence substrate (ThermoFisher) and imaged by a ChemiDoc XRSplus system (BioRad).
Flow Cytometry
One million cells were stained with 1 mg per million cells of each fluorochrome conjugated antibodies or commercially available dyes according to the standard protocols and analyzed using a FACSCanto II or LSRII (Becton Dickinson).
RNA Isolation, RT-qPCR, qPCR Array Total RNA was isolated by RNeasy Plus Mini Kit(Qiagen). RNA(500ng) were used in cDNA Synthesis (iScript, BioRad). Quantification of mRNA for genes involved in PPARg signaling was performed using Mouse PrimePCR PPAR Array according to the manufacturer's protocol (BioRad). Real-time PCR was performed using an ABI7500 Real-Time PCR system (Life Technologies). Data analysis utilized the PrimePCR Analysis Software (BioRad). Conventional qPCR was performed using validated primers (see KEY RESOURCES  TABLE) , and SsoAdvanced Universal SYBR Green Super mix (BioRad) or Taqman probes (Applied Biosystems) for heme synthesis enzymes.
Murine Cell Isolation
Spleens were diced into 1 mm 3 pieces, digested with spleen dissociation buffer (Stemcell Technologies) for 30 minutes at room temperature. Tumors were resected and mechanically disaggregated by gentleMACS (Miltenyi) and digested with RPMI containing collagenase IV (1 mg/ml), hyaluronidase (0.1mg/ml), and deoxyribonuclease (20 U/ml, Sigma) at 37 C for 1 hour. A 40-micron filter was used to obtain a single cell suspension for downstream applications. DCs were purified using CD11c microbeads and naive CD4 T cells were obtained using a naive T cell isolation kit (Stemcell Technologies). All cell populations were verified for purity by flow cytometry based on a CD45 
Human Monocyte-derived Dendritic Cells
Human monocyte-derived DCs were generated as previously described (Nair et al., 2012) .
ELISPOT
Single cell suspension of tumors were plated at 500,000/well on ELISPOT plate and incubated for 48 hours. Mouse IFNg ELISPOT PLUS (MABTECH) was performed according to manufacture guidelines. Imaging was conducted using a CTL Immunospot S5 core (Immunospot) and quantified using ImmunoCapture and ImmunoSpot software(Immunospot).
ELISA Murine IL-6 (eBioscience) and IL-12p40 (Becton Dickinson) ELISAs were performed according to manufacture's protocol.
Immunohistochemistry/Immunofluorescence
Paraffin-embedded tissues were processed and stained following standard protocols and imaged with a Zeiss CLSM 700 confocal microscope. CD8 (BioLegend) and PD-L1 (Abcam) primary antibodies were utilized where indicated. Warp Red chromogen detection system (BioCare) was used for antigen visualization.
T Cell Proliferation Assay
Splenocytes of OT-1 mice (H-2 b ) were isolated and stained with CellTrace Violet (ThermoFisher). Preconditioned DCs were loaded with ovalbumin peptide SIINFEKL, and co-cultured at a DC:splenocyte ratio of 40,000:120,000 cells for 72 hrs. CD8 + T cell proliferation was measured by the dilution of Cell Trace Violet dye by flow cytometry.
Treg Cell Assays
In vivo Treg cell assay. DCs (C57, H-2 b ) were pre-treated for 48 hours and delivered by intradermal injection into the footpad of Foxp3-mRFP mice. Draining inguinal and popliteal lymph nodes were resected 5 days later and analyzed for CD4 BODIPY and Fatty Acid Uptake Assay Dendritic Cells were stained in 0.5 mg/ml BODIPY 493/503 in PBS for 15 min to determine neutral lipid content (Herber et al., 2010) . Fatty acid uptake measurement in DCs were performed using a dodecanoic acid fluorescent TF2-C12 fatty acid (Sigma) according to the manufacturer's protocol.
Lactate measurement L-Lactate was measured by lactate dehydrogenase conversion of L-lactate + NAD + to pyruvate + NADH following treatment with hydralazine (Pesce et al., 1975) . Lactate standards and samples were read at NADH specific absorbance 340 nm. For lactate measurement in Wnt5a time course, BMDCs were seeded in a 48-well plate at 1 million cell per well. BMDCs were treated with 100 ng/ml of recombinant Wnt5a from 0 to 48 hours. For extracellular lactate determination, 0.5 ml of supernatant media was collected directly from the culture, deproteinized by polyethylene glycol precipitation (25% w/v PEG-8000, sigma), and clarified by centrifugation at 20,000g for 5 min. For intracellular lactate determination, Cells were washed with ice cold PBS, scraped off in 100 ml Milli-Q water (4 o C), freeze (-80 o C) thawed repeatedly 3 times for efficient cell lysis, and then deproteinized as described above. L-lactate was measured by lactate dehydrogenase (LDH, final 2 U/ml, Sigma) conversion of L-lactate + NAD + (b-Nicotinamide adenine dinucleotide, Sigma) to pyruvate + NADH in Glycine Buffer solution (final concentration Glycine 0.2M, Hydrazine 0.17M to destroy pyruvate allowing reaction to run to complete oxidation of lactate, Chloroform 0.0125%, Sigma). Reaction was incubated at 37 o C for 30 minute (without CO 2 ), L-lactate standards and samples were read at NADH specific absorbance 340 nm (Infinite 200 PRO, Tecan).
Cellular Energy Metabolism Analysis DC energy metabolism was measured using the XF e 24 extracellular flux analyzer (Seahorse Bioscience), with the glycolysis stress test kit and the mitochondrial stress test kit as previously described (Everts et al., 2014; Zhao and Klimecki, 2015) . For experiments involving LPS injection, DCs were plated in XF e 24 plates (200,000/well in 500ml) and treated with LPS for 48 hours prior to XF analysis. DCs were washed and analyzed in XF media (RPMI without sodium bicarbonate, 10mM glucose, 1%FBS, 2mM L-glutamine). ECAR was analyzed in real-time with or without LPS stimulation. For experiments involving Braf
V600E
Pten
À/À cell line-derived conditioned media (CM), collected CM was concentrated and desalted with an Amicon Ultra 30K filter according to manufacture's recommendations (Milipore). Final concentrate was further washed with XF media 3 times, added to DCs immediately prior to OCR analysis. For standard ECAR analysis, XF media (without glucose) was used to wash cells prior to the assay. A final concentration of 10mM glucose, 1mM oligomycin, 50 mM 2-DG(sigma) were injected through XF e 24 port A-C. For standard OCR analysis, XF media (with 10mM glucose) was used to wash cells, a final concentration of 1 mM oligomycin, 1.5 mM FCCP (fluoro-carbonyl cyanide phenylhydrazone), 100 nM rotenone, and 1 mM of antimycin-A (Sigma) were injected through XF e 24 port A-C.
IDO enzymatic assay and Hemin assay DC IDO enzyme activity was measured by the conversion of L-tryptophan to L-kynurenine in conditioned media by HPLC (Pallotta et al., 2011) . Intracellular hemin was measured using a colorimetric assay kit (BioVision).
PpIX Analysis
Dendritic cells were terminally incubated in the presence of 1mM d-aminolevulinic acid (ALA) for 4 hrs. Intracellular PpIX was analyzed by flow cytometry as previously described (Hryhorenko et al., 1998) .
Metabolomics
Metabolites were extracted from 5 x 10 6 BMDCs and subjected to LC-MS analysis according to a previously published protocol (Liu et al., 2014a; Liu et al., 2014b) . Metabolites were extracted from 5 x 10 6 BMDCs from each experimental group (3 mice per group), washed with ice cold PBS, and lysed in 80% (v/v) methanol on dry ice. Cell lysates were frozen at -80 o C for 15 minutes to disrupt cell membrane and quench enzymatic activity. Samples were then thawed on ice, vortexed rigorously to extract metabolites, and then centrifuged at 20,000g at 4 o C to precipitate proteins and cell debris. Metabolite extracts were then dried using a speed vacuum and subjected to LC-MS analysis (Liu et al., 2014a; Liu et al., 2014b) . Data collected from LC-Q exactive MS is processed on Sieve 2.0 (Thermo). For metabolite analysis, theoretical m/z and retention time of 263 known metabolites were used for positive mode, and 197 metabolites were used for negative mode. Data containing detected m/z and relative intensity of different samples were obtained.
Soft Agar Colony Formation Assay
Complete growth media -0.7% agar was overlaid with complete growth media -3.5% agar containing 10,000 cells and additional complete growth media. After 2 weeks, colonies were stained with MTT(Sigma) to identify viable colonies and imaged by a ChemiDoc XRSplus system as previously described (Zhao et al., 2014) . Images were analyzed with NIH ImageJ to enumerate colony number.
In vivo CD8 Depletion
Hybridoma clone 53-6.7 was expanded at the Duke Cell Culture Facility in hollow fiber cartridges; 10 ml of serum free supernatant was harvested every 2 days. Anti-mouse CD8 antibody was purified by Pierce Gentle Ag/Ab Binding and Elution Buffer Kit according to manufacturer protocols (ThermoFisher). Antibody concentration was determined by BCA protein assay. Anti-CD8 mAb or IgG isotype control was delivered daily for the first three days then every 7 days thereafter by intraperitoneal injection (500 mg/mouse/ dose). CD8 depletion was verified by flow cytometry ( Figure S7B ).
Syngeneic Transplant Tumor Studies
Braf V600E Pten À/À cells line were established as previously described (Holtzhausen et al., 2015) . 5 x 10 5 cells were implanted by subcutaneous injection into syngeneic C57BL/6 mice. Tumor growth was monitored by caliper measurement. Etomoxir (Sigma, ETO) was administered daily by oral gavage (25 mg/kg/day) (Collier et al., 1993) . Anti-PD-1 rat mAb or rat IgG2a isotype control (BioXCell) was delivered every 3 days by intraperitoneal injection (250 mg/dose). injected with 4-HT (Sigma, 38.75 mg/mouse) to induce primary melanoma development. Three days prior to 4-HT injection, 1 x 10 6 cells DCs pretreated with Wnt5a +/-ETO were washed and delivered by intra-dermal injection into the hind leg foot pad every 3-4 days until the conclusion of the experiment. Melanoma growth was monitored by orthogonal caliper measurements every 3-4 days between day 15 to day 32.
QUANTIFICATION AND STATISTICAL ANALYSIS
Specific statistical tests are reported in the Figure Legends . GraphPad Prism 7 Windows version was used for all statistical analyses. Unpaired t-test were used to compare mean differences between control and treatment groups. Univariate ANOVA followed by Tukey's post hoc test were performed to analyze data containing three or more groups. For time lapse extracellular flux analysis repeated measures ANOVA analysis was performed.
